Wireless powered communication networks are promising in the next generation wireless communication systems since they can prolong the communication time of users. However, the wireless powered performance is limited due to the low energy harvesting efficiency caused by channel fading. In order to tackle this issue, rotary-wing unmanned aerial vehicle (UAV) enabled wireless powered communication network (WPCN) is first proposed to provide energy harvesting and information transmission to multiple ground users. Then, the energy consumption minimization problem for the UAV-enabled WPCN is formulated subject to the speed, initial and final positions of the UAV, the energy harvesting causality and user scheduling constraints. Finally, an efficient algorithm by employing the path discretization and successive convex approximation techniques is proposed to solve the challenging non-convex problem. Simulation results show that our proposed scheme can efficiently balance the energy harvesting phase and transmission phase based on the optimal trajectory design, moreover, it outperforms other benchmark schemes in terms of the energy consumption.
I. INTRODUCTION
In recent years, unmanned aerial vehicles (UAVs) have been widely used in various fields due to its flexible, portable and low-altitude flight characteristics, which causes that the research of UAV communications has attracted significant attention. With the rise of 5G, UAVs will have greater application value in the field of wireless communication. The combination of UAVs and wireless communication can be well used in a variety of scenarios. For example, UAV can be used as a mobile data collector to communicate with the ground nodes (GNs) [1] and its mobility can be exploited to help exchange information between among GNs [2] . The UAV was applied to the wireless powered mobile edge computing (MEC) system and the power minimization problem was studied [3] . A UAV exploited as an access point (AP) or relay The associate editor coordinating the review of this manuscript and approving it for publication was Gurkan Tuna .
can improve the overall network capacity of GNs [4] and save the communication energy of the overall network [5] , [6] . With the promotion of 5G technologies, a UAV can also be used for device-to-device (D2D) communication coexisting with long term evolution (LTE) and 5G [7] , which will greatly enhance the system performance.
Thus, UAVs play the important roles in the wireless communication systems, such as aerial base stations (BSs), relay, and access points (APs). In general, the air-ground (AG) channel of UAV communications has a higher altitude than that of traditional ground station, and hence it is more likely to establish a better quality line-of-sight (LoS) communication link between a UAV and a ground node (GN) [8] . As a mobile relay, the end-to-end throughput maximization problem was studied in multiple UAV-enabled relaying systems by optimizing the transmit power and UAV trajectory [9] . In previous studies, the researches have been conducted on UAVs as mobile APs in terms of MEC and resource VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ allocation [10] , [11] . The communication security of UAV was studied by optimizing its trajectory [12] - [14] , where it communicated with ground nodes as a mobile equipment. In [15] , a polynomial time algorithm with continuous mobile base stations (MBS) placement was proposed to optimize the layout of the UAV as a mobile BS. In this paper, a UAV is introduced as a mobile AP to enable high-efficiency energy harvesting and information transmission, and the corresponding trajectory optimization and user scheduling are jointly devised to minimize the energy consumption of the UAV, hence maximizing its time of endurance.
A. RELATED WORK AND MOTIVATION
In order to improve the energy efficiency and throughput, there are many investigations focused on the optimization of UAV trajectory [16] - [20] . The authors of [16] derived the model of energy propulsion consumption for fixed-wing UAVs and proposed an efficient design to maximize the UAV's energy efficiency by jointly optimizing trajectory, speed and acceleration. The energy consumption model of fixed-wing UAVs was also derived with trajectory optimization. The multi-UAV enabled wireless communication system was considered in [17] , where multiple UAVs were employed to serve a group of ground users in order to maximize the minimum throughput among all ground users by jointly optimizing the UAV's trajectory and power desgin. The authors of [18] considered the general channel fading model of the UAV-enabled sensor network link to improve the energy efficiency and system throughput by optimizing the UAV trajectory and transmit power through an alternately optimized iterative algorithm. A new wireless network architecture of coordinate multipoint (CoMP) was proposed to utilize the anti-jamming capability of CoMP and mobility of UAVs in [19] , where the authors considered the multi-UAV enabled multi-user system in uplink communications and allowed ground users to move as well as UAV adjusting location in order to maximize the network throughput. The authors of [20] studied the 3D flight trajectory and resource allocation design to maximize the system sum-throughput based on solar-powered MC-UAV communication systems. Apart from scenarios mentioned above, UAVs were also applied in wireless powered communication networks. The energy harvesting (EH) of radio frequency (RF) signals has become a promising technology for extending the service life of low-power internet of things (IoT) devices in WPCN or other UAV-aided communication network systems [21] - [28] . For WPCN, the authors of [21] considered that the hybrid access point (HAP) first harvested energy and then transferred information to other users to maximize the multi-slots sum-rate under the energy causality constraints. In [22] , the authors studied the resource allocation problem in order to maximize the average throughput for UAV-assisted networks, where the UAV was taken as an energy source to power devices. In WPCN, ground users (GUs) first harvested energy from a mobile wireless energy transfer (WET) UAV and then transferred information to a data gatherer (DG) UAV in [23] , where the authors proposed an alternating optimization algorithm to maximize the minimum throughput for GUs with trajectories optimization and resource allocation of energy transfer (ET) UAV. The authors of [24] proposed two networking strategies and a greedy algorithm in the UAVbased WPCN (U-WPCN) to maximize the communication performance and improve network efficiency by optimizing hovering position of UAV. To solve the doubly near-far problem in WPCN, the authors proposed a weighted harvest-thentransmit method to maximize the throughput of all nodes through convex optimization techniques in [25] . A rotarywing UAV acting as a hybrid access point communicated with ground users in the wireless-powered communication network in [26] ; the authors aimed to reveal the energy-time tradeoff by trajectory optimization and time allocation with the maximum speed limit of UAV. Reference [27] studied the uplink maximum throughput of ground users in UAV-enabled WPCN under a finite UAV's flight period, subject to the speed constraint and the users' energy neutrality constraints. The authors of [28] proposed a fly-hover-communication design and path discretization method in order to minimize the total UAV energy consumption by applying the successive convex approximation technique and obtain a suboptimal solution to the original problem. Compared to [21] - [28] , the differences between them are as follows. In most of the literatures, it is assumed that the UAV has sufficient energy for executing the mission, such as [21] - [25] , and [27] , which all do not consider the consumption of UAV' propulsion energy. However, we study the total energy consumption of UAV which includes both communication energy consumption and propulsion energy consumption. Reference [26] considered the UAV's propulsion energy, and studied the energy-time tradeoff for UAV, while we study energy minimization of rotary-wing UAV via joint trajectory optimization and user scheduling. The system model of [28] based on wireless information transmission (WIT) is greatly different from our system model based on WPCN.
The time allocation of UAV-aided wireless powered networks (WPN) or WPCN is considered in [25] , [29] - [33] . For UAV-aided full-duplex wireless powered IoT networks, the authors in [29] proposed line model and maximized the network throughput through optimizing time allocation of energy harvest based on constant transmit power of UAV, subject to the total time and flight speed. In [30] , the sum achievable rate of all users was maximized in the uplink by optimizing the position of the UAV with constant transmit power and time allocation of energy and information transmission. The authors in [31] studied sum-throughput maximization and total-hover-time minimization of UAV in full-duplex wireless powered IoT networks by proposing optimal time allocation scheme. In UAV-assisted wireless energy transmission networks, [32] proposed two methods, including static charging time allocation and optimal charging time allocation. In UAV-enabled WPCN, the sum-throughput of all nodes based on the weighted harvesting-then-transmission protocol was maximized by UAV trajectory optimization and uplink / downlink time allocation optimization in [25] . The UAV-aided downlink wireless network was focused in [33] , where the authors aimed to maximize the minimum average rate of GUs by optimizing UAV's flight path and its time allocation between recharging and service. Different from the above work, we consider the energy consumption minimization for rotary-wing UAV by optimizing UAV's trajectory and time allocation of user scheduling in this paper.
Compared with traditional WPN or WPCN with fixed AP, UAV-aided WPN or WPCN has great advantages, such as, achieving larger sum throughput of whole network in limited time and with limited energy, breaking through space restrictions to communicate with further ground users, and so on. Therefore, it is of great significance to study UAV-aided WPN or WPCN. The trajectory of UAV and time allocation of user scheduling are jointly optimized to minimize the total energy consumption of the UAV subject to the maximum speed limit and users' energy causality, while the UAV powers all ground users in the downlink and ground users harvest energy for transmitting information to the UAV in the uplink under the throughput requirements. To the authors' best knowledge, this is the novel work that considers the joint scheduling of user sending information and UAV transferring energy in UAV-enabled WPCN systems.
B. CONTRIBUTIONS AND ORGANIZATION
In this paper, we consider a UAV-enabled WPCN, where the UAV plays a role of moving hybrid AP and uses RF signals to charge multiple ground users by wireless power transfer (WPT) in the downlink, and the ground users utilize their harvested energy to send their information to the UAV in the uplink. The main contributions of this work are summarized as follows:
• The energy consumption is an important issue in the UAV-enabled WPCN. The finite energy of the UAV should be efficiently used for its endurance and communication. Therefore, the energy consumption minimization problem for the rotary-wing UAV is formulated by jointly optimizing the trajectory of the UAV and the time allocation of user scheduling, while taking into account the ground users' energy causality constraints, the UAV's maximum speed constraints, the initial and final location constraints.
• The original problem is non-convex one, which is difficult to be solved. To tackle this challenge, we propose to adopt the path discretization method which can transform the original problem with infinite variables into an optimization problem with finite variables. An efficient algorithm is proposed to obtain a locally optimal solution to the original problem by applying the successive convex approximation (SCA) techniques subject to users' communication requirements.
• The simulation results are presented to verify the superiority of our proposed resource allocation scheme for the rotary-wing UAV under the path discretization schemes by comparison with two benchmark schemes. Simulation results show that our proposed scheme outperforms other benchmark schemes in terms of the energy consumption and efficiently balances the energy harvesting phase and transmission phase based on the optimal trajectory design. The remainder of this paper is organized as follows. Section II presents the system model and formulates energy minimization problem of the rotary-wing UAV involving trajectory optimization and user scheduling in the WPCN. The communication protocol and path discretization algorithm are presented in Section III. Section IV presents the simulation results to verify our proposed algorithm and our work is concluded in Section V in this paper.
Notation: In this paper, scalars are denoted by italic letters. Vectors are denoted by bold-face lower-case letters. For a vector a, a represents its Euclidean norm and a T denotes its transpose. log 2 (·) denotes the logarithm with base 2.
II. SYSTEM MODEL AND PROBLEM FORMULATION A. SYSTEM MODEL
The transmission distance of RF signal can be up to several kilometers, nevertheless, that of inductive coupling or magnetic resonant coupling signal is less than one meter away [34] . Considering the characteristics of long-distance transmission of RF signals, the UAV adopts RF signal to charge GUs in the considered system. As shown in Fig. 1 , we consider a rotary-wing UAV-enabled WPCN where a single-antenna UAV is dispatched to communicate with K single-antenna GUs which are denoted by the set K = {1, · · · , K }. Each ground user (GU) k ∈ K without embedded power supplies harvests energy via WPT in the downlink from wireless energy signal transmitted by the UAV, and sends independent information to the UAV in the uplink by utilizing the harvested energy. In this paper, we assume that each user k ∈ K is at a fixed location (x(t), y(t), 0) on the ground in a three-dimensional (3D) Cartesian coordinate system, where w k = (x k ,y k ) is defined as the horizontal coordinate of user k. Suppose that the location of each GU is known previously by the UAV in order to design its flight trajectory and optimize transmission resource allocation. We assume that the UAV flies at a constant altitude H with the maximum speed V max in total flight time T t . At any time instant t ∈ [0, T t ], let q(t) = (x(t), y(t)) denotes the position of the UAV projected onto the horizontal plane. Accordingly, the distance between the UAV and the kth GU can be expressed as
We assume that the communication channels between the UAV and the kth GU are dominated by the LoS channels. The channel power gain between the UAV and GU k ∈ K can be modeled by the free-space path loss model as
where γ 0 denotes the reference channel power gain at the distance of 1 meter (m). In this paper, a time-division multiple access (TDMA) transmission protocol is applied to communication between the UAV and GUs in the UAV-enabled WPCN. The UAV transmits energy to GUs and collects data from different GUs through the same frequency band and orthogonal time instants. At any time instant t ∈ [0, T t ], we use the indicators ϕ k (t) ∈ {0, 1}, ∀k ∈ K to schedule the transmission mode. We use ϕ 0 (t) = 1 and ϕ k (t) = 0 to indicate the downlink WPT model in which the UAV simultaneously transmits energy signal to all GUs, while ϕ 0 (t) = 0 and ϕ k (t) = 1 represent the uplink WIT model from the kth GU to the UAV. According to the above scheduling scheme, we have the following constrains on the variable ϕ k (t) as
Suppose that the UAV broadcasts the energy signals with a constant transmit power P u . Accordingly, the instantaneous harvested powerP k (t) of the kth GU at time instant t is given asP
where η ∈ (0, 1] denotes the energy conversion efficiency of GUs. All the GUs share the same conversion efficiency in this paper. In practice, the RF-to-DC energy conversion efficiency is generally non-linear [35] . But we consider a simplified constant RF-to-DC energy conversion efficiency by assuming that each GU operates at the linear regime for RF-to-DC conversion. However, the designed models can be also extended to the scenario with non-linear RF-to-DC energy conversion efficiency in our future work. Therefore, the total harvested energy at the kth GU over the whole period of duration T t can be written as
Consider the WIT mode for the kth GU at time instant t with ϕ k (t) = 0 and ϕ k (t) = 1, let P k denotes the transmit power of the kth GU. Accordingly, the achievable data rate R k from the kth GU to the UAV for the uplink WIT in bits/second/Hertz (Bits/s/Hz) is given by
where B represents the channel bandwidth, σ 2 denotes the noise power at the receiver UAV and θ k = P k γ 0 σ 2 is defined as the reference received signal-to-noise ratio (SNR).
Therefore, the aggregated communication throughput of the kth GU over the period of duration T t in the uplink can be expressed as
dt. (7) we assume that all GUs have the same minimum throughput requirement which is represented as Q min , and satisfies
In this case, the total energy consumption for communication at the kth GU iŝ
We suppose that all ground users do not have any energy stored in their battery before mission. All ground users first need to harvest energy then transmit information. In each period, each GU' energy consumption for information transmission cannot exceed its stored energy. So the energy causality constraints for all users can be written as
The energy consumption model for the rotary-wing UAV in this paper is adopted according to the model proposed in [27] , and mainly considers propulsion energy consumption which can keep the UAV aloft and support its movement. Therefore, the propulsion power consumption which is a function of the velocity V can be formulated as
where U tip denotes tip speed of the rotor blade for the rotarywing UAV, v 0 represents mean rotor induced velocity in hovering of UAV, ρ is air density in units of kg m 3 , s stands for rotor solidity of UAV and A denotes rotor disc area of UAV. As shown in the right item of (11), the first item is the blade profile power which increases quadratically with V . The second item is the induced power which decreases with V to overcome the induced drag. The third item denotes the parasite power that increases cubically with V . On the other hand, more detailed settings for parameters of (11) can be acquired from [27] . With the given UAV trajectory, the propulsion energy consumption of the UAV can be given as
where v(t) =q(t) denotes the UAV velocity;q(t) is defined as the first derivative of path q(t) and ||v(t)|| is the UAV speed at time instant t. In duration T t , the communication energy consumption of UAV can be written as
The total energy consumption of the UAV includes the propulsion energy and communication energy, which can be expressed as
B. PROBLEM FORMULATION
In this paper, our objective is to minimize the energy consumption of the UAV by jointly optimizing the UAV trajectory {q(t)} and satisfying the K users' target throughput requirements (8) and energy usage constraints (10) . This problem can be formulated as P1 : min (8) and (10),
whereq(t) = v(t) denotes the velocity of UAV at time instant t which is less than the maximum speed in (15b) constraint condition. (15c) indicates the UAV's initial and final locations constraints. The UAV flies back to the final location which is the same position as the initial location after finishing the task.
In the problem P1, the optimized variables include the UAV trajectory {q(t)}, the communication scheduling {ϕ k (t)} which is binary constraints, and the mission completion time {T t } . It is observed from the problem P1 that, the UAV trajectory {q(t)} and the communication scheduling {ϕ k (t)} are all continuous functions in regard to time t being an infinite number of optimization variables. The objective function is non-convex and constraints (15d) and (15f) are non-convex due to the complicated function of energy consumption about the UAV and coupled variables. Because of the above reasons, the problem P1 is difficult to be solved directly. So, we tackle this problem by transforming it into finite number of optimization variables which only rely on the number of ground user k or the UAV trajectory {q(t)}. In Section III, we propose an efficient algorithm to solve the general problem by using path discretization technique and the SCA technique. The problem P1 is converted into a discretized equivalent problem based on path discretization technique with a finite number of optimization variables and the locally optimal solution is obtained by utilizing the SCA technique.
III. PATH DISCRETIZATION
In this section, we consider the path discretization and reformulation problem in order to solve energy consumption minimization problem by dealing with time continues functions q(t), ϕ k (t) as well as time T t . The main idea of the path discretization approach is to divide UAV trajectory q(t) into a finite number of line segments and discretize T t into a finite number of time slots with very small slot length. The traditional time discretization method tries to divide equally the time scope into a finite number of small slots that are the same length and constant value. However, the UAV mission completion time T t is uncertain and need to be optimized as a variable in energy minimization problem in practice. Therefore, T t is divided into a finite number of small time slots which are also uncertain and an optimized variable.
Next, the TDMA protocol is applied to the UAV-enabled WPCN in this paper. As shown in Fig. 2 , the total time T t is divided into N time slots, where the duration of each time slot is expressed as T [n] within each line segment n, The duration T [n] is divided into K + 1 subslots, in which τ 0 [n] denotes the time allocation for WPT from the UAV to the kth GU, and τ k [n], k ∈ K denotes the time allocation for the kth GU to upload information to the UAV. In subslot of each slot n, the time allocation τ 0 [n] and τ k [n] indicate that WPT of the UAV and WIT of the GUs are scheduled respectively. So the time allocation τ 0 [n] and τ k [n] based on the path discretization model may replace scheduling indicators ϕ k (t) of the original problem according to similar disposing methods of [27] . Then, the constraint of the time allocation about the every subslot can be expressed as The UAV trajectory is a path that involves instantaneous velocity and time dimension about the UAV. The path is discretized into N segment, which are represented by N waypoints {q[n]} n=N n=1 , with q[1] = q[N + 1] = q 0 . It is supposed that the distance between the successively passed two points is small enough in consideration of practicable channel gain model. The constraint condition between two small points of path is as follows
where max is a suitably selected value usually chosen as max ≤ H and the distance between and the UAV and GUs is approximately unchanged within each segment. With a given max , to ensure that the path is optimized within an appropriate accuracy, N should be chosen with N max ≥D, whereD represents the upper bound of the required total. The distance from the UAV to the kth GU can be represented as
The instantaneous achievable rate of the kth GU in (6) at the nth segment can be written as
Therefore, the total information bits transmitted from the kth GU to UAV in (7) over N segments are represented as
At the 0th subslot, τ 0 [n] of each time slot n, the UAV broadcasts the wireless energy signals to all GUs with the transmit power P u . On the basis of expression in (5) , the harvested energy of the kth GU from the UAV which flies or hovers at the nth time slot is given bỹ
Due to powerless storage of GUs initially, they need to harvest energy from the UAV at first and then transmit information to the UAV by utilizing previous harvested energy in the next slot n, n ∈N = {2, 3 · ··, N } owing to processing delay of harvested energy. So each GU consumes energy for sending information should be smaller than the harvested energy in (10) . Thus, the causality energy constraint in the discrete form can be expressed as
The total energy consumption of UAV includes consump- 
Suppose that the UAV flies with a constant velocity and the UAV velocity along the nth slot is V [n] = q[n+1]−q[n]
T [n] , ∀n. So the total energy consumption of UAV based on (11) and (14) can be written as
where [n] = q[n + 1] − q[n] is the length of the nth segment. In the discrete path, the energy minimization problem P2 can be formulated as P2 : min
where (24b) indicates minimum throughput constraint for the kth GU uploading information and (24d) shows the maximum UAV speed constraint as well as length constraint of the nth line segment. In the problem P2, the constraints (24d)-(24g) are all convex. Nevertheless, notice that P2 is a non-convex optimization problem due to the non-convexity of objective function E u [n] and the minimum throughput constraint (24b) for the kth GU, as well as the causality energy constraint (24c). So, it is difficult to acquire global optimal solution and we should provide a valid algorithm to obtain a local optimal solution with regard to the problem P2 based on the SCA technique. Next, we need to tackle the non-convex objective function in P2. By observing objective function formula, the first, second and fourth terms are convex in regard to variables {q[n]}, 
which is equivalent to
Therefore, the UAV energy consumption of the objective function in problem P2 is rewritten aŝ
In order to deal with the non-convex constraint (24b) and (24c), we introduce respectively slack variables { k [n]} and 
Note that the newly introduced inequality constraints (30c), (30e) and (30f) are obtained from (28), (29) and (26) by displacing the original equality. Thus P2.1 is equivalent to P2. Still, P2.1 is non-convex due to the non-convex constraints (30b)-(30f). By using the first-order Taylor expansion which is a global lower bound of convex function to deal with nonconvex constraint (30b), we have
where (l) k [n] represents the value of k [n] at the lth iteration. Similarly, G k [i] 2 constraint (30d) is lower bounded by
In the non-convex constraint (30c), the left hand side (LHS) of (30c) is convex function in regard to k [n] and τ k [n], but the right hand side (RHS) of inequality (30c) is not concave function with respect to q[n]. Therefore, the global concave lower bound can be obtained for the RHS of (30c) as
where A
Similarly, the RHS of inequality (30e) is not concave function with respect to q[n] and by applying the first-order Taylor expansion of the RHS of (30e), the lower bound is given by
In addition, for the non-convex constraint (30f), the LHS of (30f) is a convex function in regard to y[n] and T n and the RHS of inequality (30f) is also a convex function. By applying the first-order Taylor expansion of the RHS, the global concave lower bound of the RHS in constraints (30f) can be written as
where y (l) [n] and q (l) [n] are value of the corresponding variables at the lth iteration. By dealing with non-convex constraint (30b)-(30f) of problem P2.1 and obtaining their corresponding lower bound, new optimization problem P2.2 can be expressed as P2.2: The problem P2.2 can be proved to be a convex optimization problem. In the constraints (36b)-(36f), as shown at the bottom of this page, of problem P2.2, the optimal values of global lower bounds satisfy constraint conditions of problem P2.2, then it can also meet the original problem P2.1. Thus, the problem P2.2 can be efficiently solved by using standard convex optimization techniques and software toolbox CVX [36] . By continuously updating the local values of optimal variables at each iteration via solving P2.2, an efficient algorithm is acquired for the non-convex optimization problem P2.1 or its original problem P1. The algorithm is summarized as Algorithm 1.
We present the complexity analysis of our proposed algorithm as follows. According to [36] and [37] , the complexity of Algorithm 1 is determined by three parts, namely, the iteration number of SCA method, iteration complexity and the per-iteration computation cost. It is assumed that the iteration number of the SCA method is L 1 . Given accuracy threshold ε > 0, the iteration complexity can be computed as Due to the complicated constraints in (24d), we apply the circular path scheme in [16] to our scenario whose center the initial UAV trajectory can be written as
Notice that T [n] is initialized in Algorithm 1 and T tot should also be initialized in the initial path of the UAV, where T tot = NT [n].
IV. SIMULATION RESULTS
In this section, we provide the numerical results to verify the performance of our proposed solution. In the simulation, we set the UAV's altitude as H = 5 m, the maximum UAV flying speed as V max = 5 m/s, the transmit power of the UAV as P u = 10 W , and the noise power of the UAV as δ 2 = −90 dBm. In the uplink communication, the transmit power of all GUs which is set to be the same is P k = 10 dBm, ∀k ∈ K. The channel power gain is γ 0 = −30 dB at the referenced distance of 1 m. The available communication bandwidth is B = 1 MHz and the energy harvesting efficiency of all users is η = 60%. In addition, the simulation value setting for parameters of (11) is derived from [27] , such as the tip speed being set as U tip = 40 m/s, the mean rotor induced velocity being set as v 0 = 25.5 m/s, the air density ρ being ρ = 1.23 kg m 3 , the rotor solidity of UAV being set as s = 0.25 m 3 and the rotor disc area of UAV being set as A = 0.03 m 2 . We consider K = 7 ground users with their locations marked by the blue squares in Fig. 3 . It is assumed that all GUs have identical and minimum throughput requirement as Q min which is set a certain value according to mission requirements of the GUs. Fig. 3 shows three optimized trajectories of the UAV based on the optimized path discretization (OPD) and minimum energy consumption with three different throughput requirements Q min = 500 Kbit, Q min = 1 Mbit and Q min = 60 Mbit. We can observe that the optimized hovering location of the UAV is closer to the each GU with the higher throughput requirement. However, the flying path of the UAV ties to near to the centroid of the GUs in order to cover communication between all GUs and the UAV with the lower throughput requirement. In Fig. 4 , those three UAV trajectories are based on three different schemes which are OPD, flying and hovering communication (FHC) and the travelling salesman problem (TSP) schemes, respectively, under the same throughput requirement Q min = 1 Mbit and the same initial and final point. For the FHC scheme, the UAV successively visits K optimized hovering locations, each for one GU, and charges each GU or communicates with each GU only when it is hovering at the corresponding location. For the TSP scheme, the UAV first plans a shortest flight path which traverses each GU according to the location of all GUs, and then the UAV successively powers each GU and communicates with it only when the UAV hovers over it. In FHC and TSP above, the UAV does not transmit energy or communicate with each GU while flying. However, for the OPD scheme, the UAV's flight trajectory is optimized and discretized into N small line segments, and may charge all GUs or collect information from one of all GUs throughout the flight. This indicates that the UAV can minimize energy consumption by reducing flight trajectory when the throughput requirement is not high. Fig. 5 shows the total energy consumption of the UAV based on OPD, FHC and TSP three different schemes in different minimum throughput requirements. As the minimum throughput requirement Q min increases, it is obviously observed that UAV energy consumptions all increased for the three different schemes. When minimum throughput requirement Q min = 1 Mbit, the gap of energy consumption for the UAV based on ODP is not large as those of FHC and TSP schemes. Notice that the gap of energy consumption for the UAV becomes wider as the minimum throughput requirement Q min increases. When the value of minimum throughput requirement is higher such as Q min = 100 Mbit, the energy consumption of the UAV based on ODP schemes is lower than those of other two schemes FHC and TSP. This indicates that the performance of energy consumption of the UAV based on ODP schemes outperforms those of other two benchmark schemes in terms of energy consumption. Fig. 6 and Fig. 7 show energy transmission scheduling of the UAV and information transmission scheduling of the GUs respectively when throughput requirements are Q min = 60 Mbit. It is firstly observed from Fig. 7 that the first subslot VOLUME 7, 2019 of every time slot n is scheduled to use for energy transmission from the UAV to all GUs in the downlink, namely τ 0 [n] of subslot for WPT is allocated certain time value in the subslot of each slot n. This indicates that the UAV continuously transmits energy to all GUs by broadcasting wireless radio frequency signals throughout whole flight. When the UAV flies from its initial point to the overhead sky of the third GU in Fig. 7 , a little and blank line segment in the trajectory between initial point and the third GU shows that no GUs are scheduled to transmit information to the UAV. This is expected since all GUs are passive and need to harvest energy in the sub slot of the first few time slots. We can see that GUs are scheduled and uploads information to the UAV when the GUs have stored a certain amount of energy and the UAV closes to the sky above their locations. Fig. 8 and Fig. 9 show that the change of communication throughput of GUs and the causality of total collecting and consuming energy for each GU versus time. By combining Fig. 7 with Fig. 8 , the GUs are scheduled to continuously upload information with duration time in Fig. 7 . However, the communication throughput of GUs sending information reaches the maximum value in certain time point in Fig. 8 . This is because the GUs have very well transmission channel and send rapidly information in certain time point so as to reach the maximum value of throughput when the UAV flies overhead the GUs. The GUs are scheduled to transmit little information to the UAV when the UAV flies near position above the GUs. As shown in Fig. 9 , we can observe that most of GUs harvest energy quickly and consume their energy rapidly for uploading information in a short time. However, there are few GUs such as GU3 and GU5 to be scheduled in the last few time slots to transmit part information in order to upload the residual information when the UAV flies back near the above their locations. It is verified that the higher spectrum efficiency is obtained by a better communication channel when the UAV flies overhead GU. Fig. 10 shows the convergence of Algorithm 1 under three different throughput requirements, i.e., Q min = 60M , Q min = 30M , and Q min = 10M . It is obviously observed that all three curves descend quickly as the number of iterations increases. The proposed algorithm can converge rapidly via several iterations, which verifies the effectiveness of the proposed joint trajectory and user scheduling design.
V. CONCLUSION
In this paper, joint UAV trajectory and user scheduling optimization problem was studied in a rotary-wing UAV-enabled WPCN. Therein, the consumed energy was minimized by jointly optimizing the trajectory of the UAV, the user scheduling strategy and the time allocation subject to the speed, initial and final position constraints of the UAV, the energy harvesting causality constraint and the user scheduling constraint. Via the path discretization and successive convex approximation, an efficient algorithm was proposed to solve the considered challenging non-convex problem. Extensive simulations have been conducted and showed that our proposed design outperforms other benchmark schemes considerably in terms of energy consumption.
